Chemotherapy-induced peripheral neuropathy (CIPN) is a debilitating side effect that occurs in many patients undergoing chemotherapy. It is often irreversible and frequently leads to early termination of treatment. In this study, we have identified two compounds, lithium and ibudilast, that when administered as a single prophylactic injection prior to paclitaxel treatment, prevent the development of CIPN in mice at the sensory-motor and cellular level. The prevention of neuropathy was not observed in paclitaxel-treated mice that were only prophylactically treated with a vehicle injection. The coadministration of lithium with paclitaxel also allows for administration of higher doses of paclitaxel (survival increases by 60%), protects against paclitaxel-induced cardiac abnormalities, and, notably, does not interfere with the antitumor effects of paclitaxel. Moreover, we have determined a mechanism by which CIPN develops and have discovered that lithium and ibudilast inhibit development of peripheral neuropathy by disrupting the interaction between paclitaxel, neuronal calcium sensor 1 (NCS-1), and the inositol 1,4,5-trisphosphate receptor (InsP3R) to prevent treatment-induced decreases in intracellular calcium signaling. This study shows that lithium and ibudilast are candidate therapeutics for the prevention of paclitaxel-induced neuropathy and could enable patients to tolerate more aggressive treatment regimens. Chemotherapy-induced peripheral neuropathy (CIPN) is an incapacitating side effect that results from the use of chemotherapeutic agents such as taxanes and vinca alkaloids (1). Approximately 1 million patients are at risk for developing chemotherapy-induced neuropathic pain (2), and it is estimated that Ͼ40% of patients undergoing chemotherapy treatment will eventually develop irreversible CIPN (1). This neuropathic pain, characterized by numbness, tingling, or shooting pain in the hands and feet, can begin weeks to months after initial treatment and is usually only partially reversible and, oftentimes, permanent (3).
loss of intracellular calcium signaling due to decreased activity of the InsP3R (12) . It was reported that symptoms of CIPN could be treated in mice by intrathecal administration of drugs that restore cytosolic calcium levels to normal (13, 14) . As a result, we hypothesize that the initial increase in calcium due to interaction of paclitaxel with NCS-1, and the decrease in calcium signaling over time due to degradation of NCS-1, are contributing factors toward the development of PIPN.
Using a candidate approach, we identified two compounds, lithium and ibudilast, that bind to NCS-1. Lithium has also been demonstrated to inhibit sensitization of the InsP3R by NCS-1 (15) , which is a critical component of the paclitaxel-dependent decrease in intracellular signaling (12) . Recently, we have shown that the addition of these compounds to paclitaxeltreated neuroblastoma cells prevents the degradation of NCS-1 and the subsequent decrease in calcium signaling (16) . Therefore, we propose that dysregulated calcium signaling, initiated on interaction of paclitaxel with NCS-1, leads to the eventual development of peripheral neuropathy. In addition, we hypothesize that lithium and ibudilast can prevent the development of PIPN by inhibiting the acute increase in calcium signaling (in addition to elevated calpain activity) and, later, the decrease in calcium signaling.
In this study, PIPN was inhibited in mice using a single prophylactic injection of lithium or ibudilast prior to treatment with paclitaxel. These compounds act by disrupting the interaction between paclitaxel, NCS-1, and the InsP3R. The chronic administration of paclitaxel activates the paclitaxel/NCS-1/InsP3R signaling pathway and leads to decreased intracellular calcium signaling. The disruption of the chemotherapyinduced calcium activation by paclitaxel allows signaling to remain at pretreatment levels. In addition, we show that pretreatment with lithium can increase the survival rate of mice receiving high-dose paclitaxel and can also protect against paclitaxel-induced cardiac abnormalities. Furthermore, in vivo and in vitro studies show that lithium does not interfere with the antitumor effect of paclitaxel, making it a promising therapeutic for the prevention of PIPN in patients.
MATERIALS AND METHODS

Animal use and treatment
This study was carried out in strict accordance with the recommendations in the U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals. The protocol was approved by the Institutional Animal Care and Use Committee at Yale University. All surgical procedures were performed under isoflurane anesthesia, and all efforts were made to minimize suffering.
Paclitaxel-induced model of peripheral neuropathy
Seven-week-old female C57BL/6 mice (Charles River, Wilmington, MA, USA) were separated into groups and were treated as described in Supplemental Fig. S1B . Depending on the treatment group, Li 2 CO 3 (12.8 mg/kg in saline), ibudilast (10 mg/kg in 35% PEG-400), SB216763 (5 mg/kg in 50% DMSO), or saline was administered intraperitoneally an hour prior to injection of vehicle (20% 50:50 Cremophor EL: ethanol, 80% saline), or paclitaxel (4.5 mg/kg in 20% 50:50 Cremophor EL:ethanol, 80% saline to induce PIPN, or 25 mg/kg for xenograft studies). The concentration of highdose paclitaxel used was 60 mg/kg. All compounds except for SB216763 (Tocris Biosciences, Minneapolis, MN, USA) were obtained from Sigma Aldrich (St. Louis, MO, USA). PIPN model was based on several studies (11, 17, 18) . Lithium dosage was within therapeutic levels, as described previously (19, 20) . Ibudilast dosage was established in previous mouse models (21) . SB216763 dosage was used as described previously (22) . Dosage of paclitaxel used in xenograft model was based on several studies (23, 24) .
Sensory-motor, thermal algesia, and cardiac function tests
Mice were subjected to testing on a rotarod apparatus (IITC Life Sciences, Woodland Hills, CA, USA). Baseline was established prior to treatment, and 3 additional sessions were run following treatment. Habituation sessions were performed as described previously (11) . Thermal algesia was tested in mice using a hot-plate apparatus (IITC Life Sciences). Mice were placed in a container with the hot-plate surface maintained at 52°C. Thermal latency was defined as the time in seconds elapsed from the time the mouse was placed on the hot-plate surface until the time the mouse either licked, shook, or lifted its right hind paw or jumped onto the Plexiglas wall around the metal hot-plate surface. For the cardiac function tests, mice were pretreated with lithium or saline and were briefly anesthetized and imaged 1 h after injection with paclitaxel or vehicle. Echocardiograms were obtained on lightly anesthetized mice (isoflurane inhalation via nosecone) by using a 40-MHz transducer and a Vevo 2100 console (VisualSonics, Toronto, ON, Canada). Zoomed 2D images were used to determine a short axis plane at the level of the papillary muscles and then M-mode was obtained at this level. Measurements were obtained using the Vevo 2100 analysis software (VisualSonics, Toronto, ON, Canada). Left ventricular (LV; minor axis) percentage fractional shortening (LV%FS), a measure of systolic function, was calculated as LVFS ϭ
Calcium imaging
L3, L4, and L5 dorsal root ganglia (DRGs) were isolated from mice and were cultured as described by Boehmerle et al. (12) for 18 h. Subsequently, DRGs were incubated for 1 h at 37°C in HEPES medium containing 5 M Fluo-4/AM (Molecular Probes-Invitrogen, Carlsbad, CA, USA) with 0.1% Pluronic F-127 (Molecular Probes-Invitrogen). The HEPES medium contained 130 mM NaCl, 4.7 mM KCl, 1 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 20 mM HEPES, and 5 mM glucose (pH 7.4). A Zeiss LSM 710 Duo NLO microscope equipped with a Plan NeoFluar ϫ10 objective (Carl Zeiss, Oberkochen, Germany)was used to image the DRGs. After incubation in Fluo-4/AM dye, DRGs were washed once with HEPES medium, and the imaging chambers containing the DRGs were replaced with fresh medium. For the imaging experiment, DRGs were stimulated with 50 M ATP after establishing a 100-s baseline. DRGs were then stimulated with 10 M ionomycin and 1 M KCl, and those that did not respond were excluded from evaluation. Calcium-induced fluorescence intensity ratio F/F 0 was plotted as a function of time, with F 0 as an average of the first 10 points of the baseline.
Immunoblotting and Western blot analysis
DRGs were lysed in Cytobuster (Calbiochem, Billerica, MA, USA), and immunoblotting was performed as described previously (15) . Antibodies used were NCS-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), ␤-actin (Abcam, Cambridge, MA, USA), cyclin D3 (Cell Signaling, Danvers, MA, USA), and anti-InsP3R type I (25) . Blots were quantified by scanning densitometry using Un-Scan-It (Silk Scientific, Orem, UT, USA).
Calpain activity and cell viability assays
DRGs were lysed in Cytobuster and used for the calpain-Glo protease assay (Promega, Madison, WI, USA), according to manufacturer's protocol. Activity was measured with luminescence, and the relative luminescence was averaged over 10 s, background subtracted, and normalized to the amount of protein in the lysate. NCI-H1975 cells [American Type Culture Collection (ATCC), Manassas, VA, USA] were plated at an equal density in a 96-well plate and treated with various compounds, as described previously. Cell viability was assessed using the cell titer 96 nonradioactive cell proliferation assay kit (Promega, Madison, WI, USA) according to the manufacturer's protocol. Cells were pretreated with Li 2 CO 3 , followed by treatment with increasing concentrations of paclitaxel. Absorbance was measured at 490 nm, and background absorbance was subtracted.
Non-small-cell lung cancer xenograft model
H1975 cells (ATCC) were cultured and resuspended in Matrigel (BD Biosciences, San Diego, CA, USA) at a concentration of 1 ϫ 10 6 cells/200 l. Twenty NCr nude mice (Taconic, Hudson, NY, USA) were inoculated subcutaneously with the mixture. Approximately 2 wk later, mice bearing tumors with a mean volume of 500 mm 3 were randomized to receive vehicle-saline, vehicle-lithium, paclitaxel-saline, or paclitaxel-lithium treatments, as described in Fig. 1 . Tumor size and weight of the mouse were measured every other day. Tumor volume (cm 3 ) was calculated using the formula 0.5 ϫ a 2 ϫ b, where a is the smallest tumor diameter (cm) and b is the largest. Following treatment, all mice were euthanized, and tumors were removed for histopathological examination.
Histopathology and transmission electron microscopy (TEM)
Tissues for histopathology were fixed in Bouin's fixative (Ricca Chemical, Arlington, TX, USA) and embedded in paraffin for histopathologic examination. Paraffin sections of the sciatic nerve and tumors were stained with hematoxylin and eosin (H&E), neurofilament, and Luxol fast blue for histopathologic examination by a certified pathologist (I.E.). Sciatic nerve was dissected and fixed in 4% paraformaldehyde with 0.5% glutaraldehyde before being embedded into blocks and sectioned for TEM analysis.
Statistical analysis
Data are expressed as meansϮse. Statistical analysis between 2 groups was performed using Student's t test for unpaired data (GraphPad Prism; GraphPad, San Diego, CA, USA); values of P Ͻ 0.05 were considered statistically significant.
RESULTS
Pretreatment with lithium prevents paclitaxel-induced neuropathy
To determine whether lithium protects against PIPN, we established a mouse model of PIPN using a commonly used model of neuropathy (ref. 26 and Supplemental Fig.  S1A, B) . Mice were given a single injection of lithium (or saline as a control) 1 h prior to each injection of paclitaxel or vehicle, for a total of 4 injections over 7 d. This protocol results in 4 groups: 2 control groups, vehicle-saline and vehicle-lithium; and 2 treatment groups, paclitaxel-saline and paclitaxel-lithium. Administration of lithium prior to injection with 4.5 mg/kg paclitaxel prevented mice from developing neuropathy when monitored with a sensorymotor test (performance on a rotarod) or a thermal algesia test (performance on a hot plate) or when sciatic nerve samples were examined by histopathology and TEM. Sensory-motor testing of the paclitaxel-salinetreated mice 1 wk after the last paclitaxel or vehicle injection showed that the mice developed neuropathy that persisted until the 4-wk time point, when they were euthanized (Fig. 1A) . The paclitaxel-lithium-treated mice, however, did not develop neuropathy; their performance on the rotarod was indistinguishable from mice in the two control groups (Fig. 1B) . At the 2-wk time point, paclitaxel-saline-treated mice were unable to remain on the rotarod as long as the mice in the control groups; the duration on the rotarod for the paclitaxel-saline-treated mice dropped to 67 Ϯ 6% compared to vehicle-salinetreated mice, whereas the paclitaxel-lithium-treated mice only dropped by 5 Ϯ 9% (Fig. 1B) . The controls, vehiclesaline-and vehicle-lithium-treated mice, were not significantly different (Fig. 1B) . Thermal algesia testing at the 2-wk time point demonstrated that the paclitaxel-salinetreated mice stayed on the hot plate 27 Ϯ 12% longer than did the vehicle-saline-treated mice (Fig. 1C) . The paclitaxel-lithium-treated mice only stayed on the hot plate 5 Ϯ 14% longer than did the vehicle-saline-treated mice. The differences between the paclitaxel-lithium-, vehicle-saline-, and vehicle-lithium-treated mice were not statistically different. These results demonstrate that the paclitaxel-saline-treated mice develop neuropathy and that lithium prevents the development of PIPN.
Histopathology of the sciatic nerve by H&E staining, Luxol fast blue staining for myelin, and neurofilament staining for axons showed no obvious degenerative changes, such as axonal spheroids and myelin fragmentation.
However, an overall mild increase in axonal swelling, with slightly decreased neurofilament staining and myelin vacuolization, was observed in the paclitaxel-salinetreated mice (Supplemental Fig. S2A-C) . Damage to the axons and myelin sheaths was clearly visible by TEM in the paclitaxel-saline-treated mice. Axonal swelling and demyelination were present (Fig. 1D) , and in some cases, axons were completely stripped of their myelin sheaths and were surrounded by the cytoplasm of debris-filled phagocytes (Fig. 1D, arrows) . The appear-ance of the damaged myelinated axons in the paclitaxel-saline-treated mice suggested classic Wallerian degeneration, in which destruction of the myelin sheath and digestion of the myelin by macrophage infiltration occurs. This type of degeneration was not observed in the vehicle-saline-, vehicle-lithium-, or paclitaxel-lithium-treated mice. The protection of the myelin sheaths in the paclitaxel-lithium-treated mice may also occur because lithium has been shown to enhance remyelination of peripheral nerves (27) . In addition, examination of the C fibers, the unmyelinated axons, revealed that there was degeneration of these fibers in the paclitaxel-saline-treated mice. The vehicle-saline-, vehicle-lithium-, and paclitaxel-lithiumtreated mice all had healthy appearing and distinct Remak bundle structures (clusters of C fibers), whereas these characteristic structures were absent or degenerated in the paclitaxel-saline-treated mice (Supplemental Fig. S3 ). These results confirm that paclitaxel is damaging peripheral nerves and show that lithium protects against paclitaxel-induced nerve damage.
Lithium prevents the decrease in calcium signaling observed in peripheral neurons of paclitaxel-treated mice
Dysregulation of calcium signaling has been linked to the development of peripheral neuropathy. In isolated DRGs, paclitaxel has been shown to diminish InsP3R- Figure 1 . Pretreatment with lithium prevents mice from developing paclitaxel-induced neuropathy. A) Mice pretreated with lithium (paclitaxel-lithium-treated mice; nϭ10) do not develop PIPN at the sensory-motor level. However, mice that are only treated with paclitaxel (paclitaxel-saline-treated mice; nϭ10) develop PIPN. Symptoms of neuropathy begin at wk 2 and persist until mice are euthanized at wk 4. Data were normalized to baseline rotarod measurements. B) Week 2 data normalized to baseline rotarod measurements showed that the paclitaxel-saline-treated mice (nϭ10) experienced a significant drop in time spent on the rotarod compared to the vehicle-saline-treated mice, indicating development of neuropathy. There was no significant difference between paclitaxel-lithium-, vehicle-saline, or vehicle-lithium-treated mice (nϭ10/group). Data are expressed as (time on rotarod/baseline rotarod time) Ϯ se. *P Ͻ 0.05. C) Hot-plate data from wk 2 show that the paclitaxel-saline-treated mice (nϭ9) stay on the hot plate for a longer duration when compared to the vehicle-saline (nϭ10)-, vehicle-lithium (nϭ10)-, or paclitaxel-lithium (nϭ10)-treated mice. This indicates that the paclitaxel-saline-treated mice develop neuropathy. Data are expressed as (duration on hot plate) Ϯ se. *P Ͻ 0.05. D) TEM shows that the paclitaxel-saline-treated mice are experiencing macrophage-mediated demyelination. In some cases, axons are completely stripped of their myelin sheaths and surrounded by the cytoplasm of debris-filled phagocytes, as indicated by the arrows. Occasional fibers with myelin splitting and evidence of myelinated fiber loss are also present. This is not observed in the vehicle-saline-, vehicle-lithium-, or paclitaxel-lithium-treated mice. dependent signaling over time via calpain-mediated degradation of NCS-1 (12) . The diminished calcium signaling observed in paclitaxel-treated cells can be prevented by pretreatment of neuroblastoma cells with lithium (16) . However, it was necessary to test in vivo if paclitaxel treatment alters calcium signaling in peripheral neurons.
To determine whether the effect of paclitaxel on the peripheral nerve results from dysregulation of calcium, we examined intracellular calcium signaling in DRGs that were isolated from mice at the 2-and 4-wk time points. At the 2-wk time point, total calcium release from the DRGs of the paclitaxel-saline-treated group was only 38 Ϯ 6% of the total calcium release of the DRGs from the vehicle-saline-treated mice ( Fig. 2A, C) . Total calcium release from DRGs isolated from the paclitaxel-lithium-treated mice, on the other hand, was 70 Ϯ 9% of the total calcium release of DRGs isolated from the vehicle-saline-treated mice. Peak calcium release was 20 Ϯ 4% less in paclitaxel-saline-treated mice compared to the vehicle-saline-treated mice; the differences between the vehicle-saline, vehicle-lithium, and paclitaxel-lithium groups were not significantly different ( Fig. 2A, C) . These comparisons indicate that lithium maintains pretreatment levels of calcium signaling.
Calcium signaling in the DRGs isolated at the 4-wk time point was similar to that at the 2-wk time point (Fig. 2B) . DRGs isolated from the paclitaxel-salinetreated group showed a decrease of 66 Ϯ 7% of the total calcium release when compared to the DRGs from the vehicle-saline-treated mice (Fig. 2B, D) . In contrast, DRGs isolated from the paclitaxel-lithium-treated mice showed a partial recovery of 20 Ϯ 12% of the total calcium release when compared to the paclitaxel-salinetreated mice. Peak calcium release as compared to the vehicle-saline group was 20 Ϯ 6% less in the paclitaxelsaline-treated mice; the differences between the vehiclesaline, vehicle-lithium, and paclitaxel-lithium groups were not significantly different (Fig. 2B, D) . These comparisons indicate that lithium pretreatment is still protective, even weeks after the initial treatment of mice with paclitaxel.
To determine whether paclitaxel-mediated calcium decrease occurs at a time point earlier than 2 wk and whether lithium is able to rescue this decrease, we examined intracellular calcium signaling in DRGs that were isolated from mice 18 h after their first injection with paclitaxel or vehicle. DRGs isolated from the paclitaxel-saline-treated group had a 54 Ϯ 13% decrease in peak calcium release when compared to the vehicle-saline-treated mice; the differences between the vehicle-saline and vehicle-lithium groups were not statistically different (Fig. 2E, F) . On the other hand, DRGs isolated from the paclitaxel-lithium-treated mice was 72 Ϯ 8% of the peak calcium release of DRGs isolated from the vehicle-saline-treated mice (Fig. 2E,  F) . A similar trend among the treatment groups was observed for the total calcium release. These comparisons suggest that the paclitaxel-mediated decrease in calcium release occurs very soon after the first paclitaxel injection and persists up to 3 wk after the last paclitaxel injection. In addition, the data indicate that lithium is acting as early as several hours after the first paclitaxel injection to prevent the paclitaxel-mediated decrease in calcium release; these effects then persist up to 3 wk after the last lithium and paclitaxel injections.
Lithium prevents calpain-mediated degradation of NCS-1 by paclitaxel
We previously reported that degradation of NCS-1 in DRGs occurs after treatment of mice with paclitaxel (12), and cell-based studies have shown that NCS-1 degradation is calpain mediated (12, 28) . Using our model of peripheral neuropathy, we hypothesized that the activation of calpain and the subsequent degradation of NCS-1 over the course of the 4-wk study lead to the diminished calcium signaling observed and thus the development of neuropathy. Immunoblot analysis of NCS-1 protein levels in DRGs isolated from paclitaxelsaline-treated mice at wk 4 of the study, 3 wk after the last paclitaxel injection, showed a 59 Ϯ 8% decrease in NCS-1 levels compared to the vehicle-saline-treated mice (Fig. 3A, B and Supplemental Fig. S4B ). No decrease was observed in the paclitaxel-lithium-treated mice. Unlike NCS-1, levels of InsP3R type I (InsP3RI) were unchanged among groups (Supplemental Fig. S4A ). As expected, levels of NCS-1 were not significantly different in the cerebral cortex due to low permeability of paclitaxel through the blood-brain barrier (Supplemental Fig. S4A ).
Because NCS-1 levels in the paclitaxel-lithium-treated mice were comparable to control levels, it should follow that calpain activity in the paclitaxel-lithium-treated mice would be unchanged relative to control mice. Calpain activity assayed using DRG lysates from the paclitaxel-saline mice showed a 165 Ϯ 51% increase in calpain activity compared to the vehicle-saline-treated mice, and a 201 Ϯ 67% increase compared to the vehicle-lithium-treated mice (Fig. 3C) . Activity of calpain in the paclitaxel-lithium-treated mice was not significantly different from the vehicle-saline-or vehicle-lithium-treated mice; calpain activity was actually decreased by 14 Ϯ 10% compared to the vehicle-salinetreated mice (Fig. 3C) .
Maintenance of pretreatment levels of calcium signaling by lithium does not occur through the glycogen synthase kinsase-3 (GSK-3) pathway
Lithium affects several cellular pathways in addition to the paclitaxel/NCS-1/InsP3R pathway. One of the predominant proteins whose activity is affected by lithium is GSK-3. GSK-3 is a serine/threonine protein kinase that is the only known protein kinase inhibited at therapeutically tolerated concentrations of lithium (0. (30) .
To test whether lithium prevents paclitaxel-induced diminished calcium release by inhibition of GSK-3, we injected a GSK-3 inhibitor (SB216763) into mice prior to treatment with paclitaxel. The dose of SB216763 used was within the therapeutic range used in mice to treat tumors (22, 31) . DRGs were isolated from mice 6 h after injection with paclitaxel or vehicle and were subjected to examination of calcium transients and Western blot analysis. Unlike the paclitaxel-lithium-treated mice, calcium signaling remained attenuated in the paclitaxel-SB216763-treated mice when compared to the two control groups, vehicle-DMSO-and vehicle-SB216763-treated mice (Fig. 4A) . Total calcium release decreased by 43 Ϯ 6 and 43 Ϯ 5% in DRGs isolated from paclitaxel-DMSO-and paclitaxel-SB216763-treated mice, respectively (Fig. 4B) . Vehicle-DMSO and vehicle-SB216763 groups did not differ significantly from one another. In addition to the decrease in total calcium release observed in the paclitaxel-DMSOand paclitaxel-SB216763-treated mice, peak calcium release was decreased by 19 Ϯ 3 and 20 Ϯ 2% in DRGs isolated from paclitaxel-DMSO-and paclitaxel-SB216763-treated mice, respectively (Fig. 4C) . As with the total calcium release, no significant differences were observed in the vehicle-DMSOor vehicle-SB216763-treated mice.
To confirm that SB216763 was working to inhibit GSK-3, immunoblot analysis of cyclin-D3 levels was examined because cyclin-D3 is protected by GSK-3 inhibition (32). Levels of cyclin-D3 were decreased in the vehicle-DMSO-and paclitaxel-DMSO-treated mice, but not in the vehicle-SB216763-and paclitaxel-SB216763-treated mice (Fig. 4D, F and Supplemental Fig. S4D ). Adding further support that lithium inhibition of GSK-3 does not interfere with the NCS-1/InsP3R/calcium pathway, immunoblot analysis of NCS-1 levels showed that levels of NCS-1 were decreased by 60 Ϯ 4 and 49 Ϯ 2% in paclitaxel-DMSO-and paclitaxel-SB216763-treated mice, respectively (Fig. 4E, F and Supplemental Fig. S4D ). These results indicate that GSK-3 inhibition does not protect NCS-1 against degradation.
Treatment with ibudilast prevents paclitaxel-induced neuropathy in a manner similar to that of lithium
Ibudilast (21) was found to bind to NCS-1 and protect against the degradation of NCS-1 and decrease in calcium signaling observed in neuroblastoma cells treated with paclitaxel (16) . Because ibudilast can interact with the paclitaxel/NCS-1/InsP3R pathway, it was tested as a candidate for the prevention of PIPN. Not only would this be an additional compound that could be used to prevent PIPN, but it would add further support to the suggestion that lithium acts primarily through the paclitaxel/NCS-1/InsP3R pathway and not through inhibition of GSK-3.
Pretreatment of mice with ibudilast prior to injection with 4.5 mg/kg paclitaxel prevented mice from developing neuropathy. Sensory-motor testing of the paclitaxel-saline-treated mice 1 wk after their last paclitaxel injection showed that mice developed neuropathy that persisted until the 4-wk time point, when the mice were euthanized (Fig. 5A) . The paclitaxel-ibudilast-treated mice, however, did not develop neuropathy at the sensory-motor level. Time spent on the rotarod by the paclitaxel-saline-treated mice decreased by 18 Ϯ 10% at the 3-wk time point (Fig. 5B ) and 23 Ϯ 8% at the 4-wk time point, when compared to vehicle-saline-treated mice. Time spent on the rotarod by the paclitaxelibudilast-treated mice actually increased by 12 Ϯ 4% at the 3-wk time point and was not significantly different at the 4-wk time point, when compared to vehiclesaline-treated mice. Vehicle-ibudilast-treated mice were not significantly different from vehicle-saline-treated mice at the 3-or 4-wk time points. Maintenance of pretreatment levels of calcium signaling by lithium, observed at the 4-wk time point in the lithium-treated mice, also occurred in the ibudilasttreated mice. Total calcium release from DRGs isolated from the paclitaxel-saline-treated group decreased by 21 Ϯ 8% compared to vehicle-saline-treated mice (Fig.  5C ). DRGs isolated from the paclitaxel-ibudilast-treated mice had a nonsignificant decrease of 6 Ϯ 13% when compared to the vehicle-saline-treated mice. Peak calcium release was diminished by 21 Ϯ 5% in the paclitaxel-saline-treated mice compared to vehicle-saline-treated mice; the difference between the vehiclesaline, vehicle-ibudilast, and paclitaxel-ibudilast groups were not significantly different (Fig. 5C) .
As observed in the lithium-treated group, NCS-1 protein levels in DRGs isolated from paclitaxel-salinetreated mice 4 wk after the last paclitaxel injection showed a 46 Ϯ 14% decrease when compared to vehicle-saline-treated mice (Fig. 5D , E and Supplemental Fig. S4C) . A nonsignificant decrease of only 13 Ϯ 15% was observed in the paclitaxel-ibudilast-treated mice when compared to vehicle-saline-treated mice. These results indicate that ibudilast is able to prevent degradation of NCS-1.
Following the observations from the lithium-treated mice, levels of NCS-1 in the ibudilast-treated mice were likely to be protected due to the prevention of increased calpain activity. As expected, calpain activity increased significantly by 155 Ϯ 80% in the paclitaxelsaline-treated mice compared to vehicle-saline-treated mice (Fig. 5F ). Paclitaxel-ibudilast-treated mice only had a nonsignificant increase of 81 Ϯ 161% compared to vehicle-saline-treated mice; indicating that ibudilast protects against elevated calpain activity (Fig. 5F ).
Lithium does not interfere with the antitumor effect of paclitaxel
As indicated by the data presented here, lithium is promising in its ability to prevent the development of PIPN. However, if lithium is to be used clinically to prevent PIPN, it is critical to ensure that lithium does not interfere with the antitumor effect of paclitaxel. To confirm this, we conducted in vitro studies using cell death assays and in vivo studies using a xenograft tumor mouse model.
In vitro studies showed that both saline-pretreated and lithium-pretreated H1975 (human non-small-cell lung cancer) cells were equally susceptible to cell death, as indicated by decreased absorbance in a cell viability assay when cells were subjected to increasing concentrations of paclitaxel (Fig. 6A) . On the basis of our in vitro data showing that lithium does not affect the antitumor effect of paclitaxel, we next conducted in vivo studies by injecting H1975 cells into nude mice. Tumors were visible 2 wk later, and mice were pretreated with lithium or saline, followed by an injection with vehicle or paclitaxel, as described in Supplemental Fig. S1B . The tumor growth curves show that paclitaxel was able to prevent growth of the tumors in the paclitaxel-salineand paclitaxel-lithium-treated mice (Fig. 6B) . Histology of the tumors showed that the vehicle-saline-and vehicle-lithium-treated mice had abundant growth of tumor cells around the cysts, whereas the paclitaxelsaline-and paclitaxel-lithium-treated mice had an almost complete recession of tumor growth. No difference was observed between the paclitaxel-saline-and paclitaxel-lithium-treated mice (Fig. 6C) . These results show that lithium does not affect the antitumor ability of paclitaxel.
Pretreatment with lithium prevents death associated with high-dose paclitaxel treatment
Lithium has also been shown to be beneficial to patients who are undergoing chemotherapy by preventing development of symptoms, such as neutropenia and leucopenia (33) (34) (35) . Treatment of mice with high-dose paclitaxel (60 mg/kg) caused 100% of paclitaxel-salinetreated mice to die within 10 d of their last paclitaxel injection (Fig. 7A) . However, 60% of paclitaxel-lithiumtreated mice survived, indicating that lithium protects against the toxic effects of the high-dose paclitaxel treatment. None of the vehicle-saline-or vehicle-lithium-treated mice died.
Lithium prevents increased cardiac contractility in paclitaxel-treated mice
Because of the increased survival rate observed in the paclitaxel-lithium-treated mice, we decided to look at one of the side effects associated with paclitaxel treatcalcium release was also diminished in the paclitaxel-saline-treated mice. n ϭ 20 cells/group. D) Total calcium release was diminished in the paclitaxel-saline-treated mice compared to the vehicle-saline-treated mice 3 wk after paclitaxel treatment. Difference between vehicle-saline-, vehicle-lithium-, and paclitaxel-lithium-treated mice were not significant. Peak calcium release was also diminished in the paclitaxel-saline-treated mice. n ϭ 18 -20 cells/group. E) Calcium imaging of DRGs from paclitaxel-saline-treated mice showed a diminished response to 25 M ATP 18 h after the first paclitaxel or vehicle injection. n ϭ 10 -20 cells/group. F) Peak calcium release was diminished in the paclitaxel-saline-treated mice when compared to the vehicle-salinetreated mice 18 h after first paclitaxel or vehicle injection. n ϭ 10 -20 cells/group. Bar graph data are expressed as means Ϯ se. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. No such decrease in NCS-1 levels was observed in the paclitaxel-lithium-treated mice when compared to vehicle-saline-treated mice. Difference between vehiclesaline-, vehicle-lithium-, and paclitaxel-lithium-treated mice was not significant. n ϭ 8 mice/group. B) Representative lanes from Western blot. Each lane represents an individual mouse. VϩS, vehicle-saline; VϩL, vehicle-lithium; PϩS, paclitaxel-saline; PϩL, paclitaxel-lithium. Note that the gap in the paclitaxel-saline-treated group indicates that the membrane was cut. C) Individual calpain activity was altered significantly in paclitaxel-saline-treated mice when compared to vehicle-saline-treated mice at the 4-wk time point. No significant difference was observed between vehicle-saline, vehicle-lithium-, or paclitaxel-lithium-treated mice. n ϭ 8 mice/group. Bar graph data are expressed as means Ϯ se. *P Ͻ 0.05, **P Ͻ 0.01. ment. Patients treated with paclitaxel have been shown to develop arrhythmias and cardiac dysfunction that have been linked to dysregulated calcium signaling (36, 37) . Cardiomyocytes isolated from mice treated with paclitaxel show an increase in the frequency of spontaneous calcium oscillations. These changes in cardiomyocytes result from the increased interaction of NCS-1 with the InsP3R (37) .
On the basis of these observations in mice and humans, we tested whether paclitaxel alters cardiac function in the paclitaxel-saline-treated mice and whether lithium attenuates these changes. Echocardiograms conducted on paclitaxel-saline-treated mice showed that there was a significant decrease of 10 Ϯ 2% in LV end-systolic diameter (Fig. 7B ) and a 12 Ϯ 3% increase in LVFS compared to vehicle-salinetreated mice (Fig. 7C) . No significant differences were observed between the vehicle-saline-, vehicle- A) Calcium imaging of DRGs from paclitaxel-DMSO-and paclitaxel-SB216763-treated mice showed a diminished response to 50 M ATP 6 h after paclitaxel treatment. n ϭ 60 -70 cells/group; 3 mice/group. B) Total calcium release was diminished in both the paclitaxel-DMSO-and paclitaxel-SB216763-treated mice when compared to vehicle-saline-treated mice. Difference between vehicle-DMSO-and vehicle-SB216763-treated mice was not significant. n ϭ 60 -70 cells/group; 3 mice/group. C) Peak calcium release was diminished in the paclitaxel-DMSO-and paclitaxel-SB216763-treated mice. Vehicle-DMSO-and vehicle-SB216763-treated mice were not significantly different. n ϭ 60 -70 cells/group, 3 mice/group. D) Cyclin-D3 levels were elevated in vehicle-SB216763-and paclitaxel-SB216763-treated mice due to inhibition of GSK-3. No such elevation was observed in the vehicle-DMSO-or paclitaxel-DMSO-treated mice. n ϭ 3 mice/group. E) Levels of NCS-1 were decreased in paclitaxel-DMSOand paclitaxel-SB216763-treated mice compared to vehicle-DMSO-treated mice. Difference between vehicle-DMSO-and vehicle-SB216763-treated mice was not significant. n ϭ 3 mice/group. F) Representative lanes from Western blot. Each lane represents an individual mouse. Note that the gap in the vehicleϩDMSO-treated group indicates that the membrane was cut. Bar graph data are expressed as means Ϯ se. **P Ͻ 0.01, ***P Ͻ 0.001.
lithium-, or paclitaxel-lithium-treated mice. Heart rate was unchanged among all groups (Fig. 7D) . The increased FS in the paclitaxel-saline-treated mice is of note, as changes in FS have been shown to predict dysrhythmias and late cardiac decompensation in patients treated with anthracyclines, another chemotherapeutic agent known to cause cardiomyopathy (38) . In addition, the increased FS observed in the paclitaxelsaline-treated mice can be compared with the observed increase in frequency of oscillations in paclitaxeltreated cardiomyocytes. Increased calcium oscillations due to paclitaxel-induced interaction of NCS-1 with the InsP3R would lead to increased cardiac contractility. These results suggest that lithium is acting to prevent cardiac abnormalities in paclitaxel-treated mice in a manner similar to that by which it prevents PIPN. By disrupting the excessive interaction of NCS-1 with the InsP3R, lithium prevents the increase in frequency of calcium oscillations and in this way attenuates the increase in cardiac contractility linked to paclitaxel treatment. These data provide further support that lithium acts on the paclitaxel/NCS-1/InsP3R pathway to prevent PIPN, and gives a first indication that lithium has the potential to prevent paclitaxel-induced cardiac abnormalities in patients.
DISCUSSION
The data presented here demonstrate that a single dose of lithium or ibudilast prior to treatment with paclitaxel prevents the development of PIPN by interfering with Figure 5 . Ibudilast prevents PIPN through a pathway similar to that of lithium. A) Mice pretreated with ibudilast (paclitaxel-ibudilast-treated mice; nϭ5) do not develop PIPN at the sensory-motor level. However, mice that are only treated with paclitaxel (paclitaxel-saline-treated mice; nϭ5), develop PIPN. Symptoms of neuropathy begin at wk 2 and persist until mice are euthanized at wk 4. Data were normalized to baseline rotarod measurements. B) Week 2 data normalized to baseline rotarod measurements showed that the paclitaxel-saline-treated mice experienced a significant drop in time spent on the rotarod compared to the vehicle-saline-treated mice, indicating development of neuropathy. There was no significant difference between paclitaxel-ibudilast-, vehicle-saline-, or vehicle-ibudilast-treated mice. Data are expressed as (time on rotarod/baseline rotarod time) Ϯ se. n ϭ5/group. C) Calcium imaging of DRGs from paclitaxel-saline-treated mice showed a diminished response to 50 M ATP 3 wk after paclitaxel treatment. No such decrease was observed in the paclitaxel-ibudilast-treated mice. n ϭ 39 -40 cells/group; 3-4 mice/group. D) Levels of NCS-1 were decreased in paclitaxel-saline-treated mice compared to vehicle-saline-treated mice. No such decrease was observed in the paclitaxel-ibudilast-treated mice. Difference between vehicle-saline, vehicle-ibudilast, and paclitaxel-ibudilast groups was not significant. n ϭ 3-4 mice/group. E) Representative lanes from Western blot. Each lane represents an individual mouse. F) Calpain activity was elevated significantly in paclitaxel-salinetreated mice compared to vehicle-saline-treated mice. No significant difference was observed between vehicle-saline-, vehicle-ibudilast-, or paclitaxel-ibudilast-treated mice. n ϭ 3 mice/group. Data are expressed as means Ϯ se. *P Ͻ 0.05, **P Ͻ 0.01; the paclitaxel/NCS-1/InsP3R pathway. By binding to NCS-1, lithium and ibudilast are able to prevent the diminished calcium signaling that occurs through the phosphoinositide pathway. The inhibition occurs at an early step in the process, before calcium signaling is enhanced and before calpain is activated to cleave cellular proteins. Here, we measured degradation of NCS-1, but it is assumed that NCS-1 is only one of the protein targets of calpain. The ability to measure protection of NCS-1 levels, as a proxy for calpain-induced protein cleavage, shows that it is possible to prevent the dysregulation of calcium signaling that leads to axonal degeneration in PIPN.
The identification of lithium and ibudilast as compounds that can prevent PIPN is novel, as there are currently no known pharmacological agents that have proven effective for the prevention of PIPN (1) . Although lithium and ibudilast (20, 21, 39) , in addition to other compounds, such as AK295 (11), glutathione (40, 41) , carbamazepine (42) , glutamine (43, 44) , and calcium/ magnesium infusions (45) , have been used to reduce neurotoxic symptoms that occur after administration of paclitaxel, either their mechanism of action is unknown or the use of these compounds in patients has yet to be deemed effective. Remarkably, we have shown that lithium and ibudilast appear to be effective as a single prophylactic injection prior to treatment with paclitaxel.
In addition to the lack of treatments available to prevent PIPN, the mechanism by which the neuropathy develops is not well understood. It has been proposed that increased cytosolic calcium and increased calpain activity leads to PIPN due to neuronal toxicity, such as activation of caspases and degradation of proteins by the activated calpains (11, 13, 14) . In this study, we found that lithium and ibudilast disrupt the paclitaxel/ NCS-1/InsP3R pathway, and thereby prevent increased calpain activity and intracellular calcium signaling due to excessive interaction of NCS-1 with the InsP3R. In addition, lithium and ibudilast prevent the chronic decrease in calcium signaling due to calpain-mediated degradation of NCS-1. The effects of paclitaxel on calcium signaling in vivo occur soon after the first paclitaxel injection and persist up to 4 wk after the last paclitaxel injection. Lithium was able to prevent the alteration in calcium signaling at both the 18-h and 4-wk time points, indicating that the effects of lithium on paclitaxel occur at a very early stage. These data suggest that lithium prevents PIPN by interfering with the acute effects of paclitaxel (the enhancement of cytosolic calcium levels via a NCS-1/Ins3P3R-dependent mechanism).
These results also complement prior reports showing that NCS-1 is necessary for the regulation of voltagegated calcium channels (46) , where decreased NCS-1 will allow excess activation of these channels and lead to increased cytoplasmic calcium. By preserving NCS-1 levels, calcium homeostasis is maintained, and axonal degeneration is prevented (as reviewed in ref. 47) .
It also was important to determine whether lithium acts primarily through the paclitaxel/NCS-1/InsP3R pathway to prevent PIPN. Although lithium is known to inhibit inositol monophosphatase (IMPase) and GSK-3 (48), we have demonstrated that these two pathways are unlikely to be involved in the prevention of PIPN. Inhibition of IMPase leads to decreased levels of PIP2 (49) . When PIP2 is decreased, InsP3R calcium signaling is diminished (50). However, as described by the experiments here and in previous work, calcium signaling was maintained at baseline levels in cultured cells (16) and in isolated DRGs treated with lithium. These findings support the conclusion that prevention of PIPN does not occur through inhibition of IMPase. Inhibition of the GSK-3 pathway by lithium was explored in this study as well, and it was shown not to have an effect on preventing PIPN. When mice were treated with SB216763 (a GSK-3 inhibitor) and paclitaxel, the measured responses were similar to paclitaxel treatment alone, rather than treatment with paclitaxel and one of the protective agents. The SB216763-treated group showed increased degradation of NCS-1 and decreased calcium signaling, as observed in the paclitaxel-treated groups. These findings demonstrate that inhibiting the GSK-3 pathway does not prevent PIPN and that lithium must be acting elsewhere. Furthermore, the ability of ibudilast to prevent PIPN via the paclitaxel/NCS-1/InsP3R pathway adds additional support to the suggestion that lithium acts by the same pathway.
In summary, we have identified two compounds, lithium and ibudilast, that when administered prior to treatment with paclitaxel, prevent the development of PIPN in mice. We have shown that pretreatment with lithium increases the survival rate of mice given high doses of paclitaxel, appears to protect against paclitaxel-induced cardiac abnormalities, and does not interfere with the antitumor effect of paclitaxel. Furthermore, we have outlined a potential mechanism by which PIPN develops and have determined the manner by which lithium and ibudilast prevent PIPN. The understanding that PIPN can be prevented through the disruption of the paclitaxel/NCS-1/InsP3R pathway will allow for the development of better taxanes and Figure 7 . Pretreatment with lithium prevents death and cardiac dysfunction associated with the toxic effects of paclitaxel. A) No paclitaxel-saline-treated mice survived (nϭ5); 60% of paclitaxel-lithium-treated mice survived (nϭ5); 100% of vehicle-saline (nϭ5)-and vehicle-lithium (nϭ4)-treated mice survived. Note that 1 mouse in the vehiclelithium-treated group died due to injection error rather than to effects of high-dose paclitaxel, and was not included in the data set. B, C) Echocardiograms were performed on H1975 xenograft mice. Paclitaxel-saline-treated mice showed a significant decrease in LV end-systolic diameter (B) and a significant increase in LVFS (C); this indicates increased cardiac contractility. No significant differences were observed between vehicle-saline-, vehicle-lithium-, or paclitaxel-lithium-treated mice. D) Heart rate was unchanged among all groups. VϩS, vehicle-saline; VϩL, vehicle-lithium; PϩS, paclitaxel-saline; PϩL, paclitaxel-lithium. Data are expressed as means Ϯ se; n ϭ 3 mice/group. *P Ͻ 0.05. encourage the discovery of additional compounds that act similarly to lithium and ibudilast. Moreover, the addition of protective agents, such as lithium and ibudilast, to treatment regimens will potentially enable patients to tolerate more aggressive rounds of chemotherapy, as well as protect patients against the cardiac side effects of paclitaxel. Overall, this study demonstrates for the first time that the development of PIPN can be prevented with a single prophylactic injection of lithium or ibudilast prior to paclitaxel administration. Because current clinical practices can only treat symptoms of PIPN, these results show that the disruption of the paclitaxel/NCS-1/InsP3R pathway prevents PIPN and that lithium and ibudilast have the potential to be used clinically to prevent PIPN in patients.
